Abstract: Phase mapping of metasurfaces with a finite number of elements is popular in wavefront manipulation. However, in high angle beam bending, the efficiency of bending beams drastically drops, which will greatly limit the applications of metasurface in photonic devices. Here, we propose an all silicon asymmetric dimer micro-antenna array used as meta-grating to achieve large bending angle and high efficiency for both P-and S-polarized incident wave at 0.3 THz. The geometric structure of the dimer consisting of one solid and one hollow pillar was meticulously optimized to realize a large bending angle of 70.2°with the diffraction efficiency of 73.1% and 37.8% for the P-and S-polarizations, respectively. The proposed all silicon metasurface can be easily prepared with CMOS technology, and can be used in flat lenses with high numerical aperture or other photonic devices in THz range.
Introduction
Metasurfaces, which are generally composed of sub-wavelength scatters patterned on planar interfaces, can exert a specific phase, polarization, amplitude field distribution of the transmitted or reflected electromagnetic wave in sub-wavelength scale, leading to plenty planar device applications including absorber, beam bending, polarization control, holograms, wave plates, vortex, Bessel, or vector beam generations, and flat lens, etc [1] - [12] . Metasurfaces have emerged a great potential to replace bulky optical devices due to their ultra-thin and planar features with strong beam bending abilities. Meanwhile, the controlling strategy is universal and applies to a broad spectral range, including terahertz with its unique properties including nonionizing photon energy, spectral fingerprinting of molecular vibrations, and high transparency of some optically opaque materials finding it highly promising applications in chemical identification [13] , material characterization [14] , biological sensing [15] , and medical imaging [16] . One of the popular methods to realize such wavefront control of continuous linear phase distribution is discretized with periodically repeated particle chains providing the appropriate phase accumulation, called phase mapping [9] - [12] . Due to the strong Ohmic losses and large reflections, it is hard for plasmonic metasurfaces to realize high transmissions [17] - [19] , e. g., low focusing efficiency of around 10% for single layer [12] and 30% for bilayer metalens [20] . Using high refractive index dielectrics as particles instead of metallic ones can effectively overcome these challenges [21] - [27] , and a high efficiency of 86% can be reached with NA = 0.8 [28] . However, such phase mapping method with a finite number of elements in a unit cell designed for large angle bending will encounter a drastic drop of the efficiency [29] . For example, the collection angle of 76°corresponding to NA = 0.97 have been reported for a dielectric metalens, but the efficiency droped to only 42% [23] . The alternative solution is using impedance profiling with the exact boundary conditions, but it will introduce locally active or strongly non-local passive metasurfaces with high fabrication resolution [30] - [33] , thus it is difficult to be applied in metalens because there is no explicit relationship between the surface impedance and bending angle. There are also pioneer metagrating works circumventing phase mapping method to continuously modulate the phase, channelling incident light into a specific diffraction order, although they are performed in the reflection plasmonic platform, such as metagrating with subwavelength metallic slit array and metallic nano-groove gratings [34] - [36] . Moreover, in the visible-near-infrared regime, several research results have shown that the phase and amplitude of the polarized incident beam can be changed by changing the distance between meta-atoms in the arrays or by adjusting the displacement and direction angles of multiple nanorods in one unit cell other than the geometric parameters [37] - [39] . Recently, metasurfaces by arranging asymmetric dielectric nanoantennas as diffractive gratings can circumvent the above difficulties [40] - [42] . It directly controls the wave energy distribution by diffraction gratings and does not rely on phase/amplitude mapping, where scattering directivity patterns of the each unit cell allows suppression or enhancement of selected diffraction orders desirably to channel the incident wave energy into one particular diffraction order in transmission or reflection causing specific beam bending. A.I. Kuznetsov et. al. [42] proposed an asymmetric nanoantenna array for a metalens working at 715nm, where the dimer structure of the meta-grating consists of two silicon pillars with different diameter, and high bending angle of 82°w ith transmission of 40% (15%) for P-(S-) polarized incident light was achieved. In this paper, we propose an asymmetric dimer micro-antenna array consisting of one solid and one hollow silicon pillar as meta-grating on silicon substrate for THz beam bending. We optimized the structure of the planar meta-grating to achieve large beam bending angle and high efficiency at 0.3 THz. The bending angle reaches 70.2°with the efficiency of 73.1% and 37.8% for the P-and S-polarized incident wave, respectively. As comparison, the efficiency for the P-polarized light drops to 62.5% at the same bending angle for a silicon two-pillar dimer structure. We can control the diffraction angle by changing the period of the diffraction unit. The larger period corresponds to a smaller deflection angle which shows the same characteristics as grating. We can optimize the structure at different diffraction periods to achieve a wide range of bending angles. The proposed all silicon metasurface is ease fabrication at present CMOS process, and can be used to design flat lenses with high numerical aperture and efficiency or other photonic devices in THz range.
Designs and Results
The asymmetric dimer micro-antennas have been previously proven to generate asymmetric radiation patterns in which the interacting particles become a 'perfect' deflecting a normally incident wave into a single diffractive order without transmission or reflection to other diffractive orders ( Fig. 1(a) ). Fig. 1(b) shows our proposed unit cell of an array designed to bend normally incident 0.3 THz planar wave at an angle of 70.2°. It consists of an asymmetric dimer micro-antennas made of one solid and one hollow silicon (Si) pillar of height H = 530 µm placed on top of Si substrate and surrounded by air. The silicon has a high refractive index of 3.415 and is low loss in terahertz band. The cylinder diameter is D 1 = 252 µm, and the inner and outer diameters of the hollow pillar are D 2in = 188 µm and D 2out = 284 µm, respectively. The gap between the two particles is G = 50 µm. The diffractive and non-diffractive periods of the square lattice are P x = 1025 µm and P y = 310 µm, respectively. The S-(P-) polarization is defined as the magnetic (electric) field directed along the axis of the dimer.
As seen from the Fig. 2 , the energy is mainly channeled into the T −1 order tilted at 70.2°w ith respect to its normal incident with minimal distortion. The simulated transmission efficiencies into the different orders together with the total transmission, total reflection and transmission plus reflection are illustrated in Fig. 2 (a) and 2(b) for P-and S-polarized wave at the operating frequency of 0.3 THz. The transmission spectrum demonstrates most of the P-polarized is channeled into the desired T −1 order reaching an efficiency of 73.1% with respect to the incident power. For the S-polarized wave the diffraction efficiency is smaller, reaching an efficiency of 37.8%. Fig. 2 (c) and 2(d) shows a calculated far-field diagram at 0.3 THz for P-and S-polarized wave. It indicates a strong directivity towards the target direction, where the energy scattered into the other diffraction orders not only in transmission but also in reflection (indicated by the dashed line), is significantly suppressed. Fig. 2 (e) and 2(f) illustrate the simulated normalized far-field intensity distribution on incident plane wave for different transmission diffraction orders when P-and S-polarized wave is incident. It describes the relationship of the corresponding diffraction angle and incident beam between 0.29 ∼ 0.34 THz. The three dashed lines are corresponding to the three main diffraction orders T −1 , T 0 , T +1 supported in transmission, where the diffraction angle linearly decreases as frequency increases. Moreover, it is important to note that, the frequency of ∼0.326 THz, at which the far-field intensity is largest in the T −1 diffraction order, is not the one at the highest transmission of the T −1 diffraction order in Fig. 2 (a)-2(b) (0.306 THz). This is because the full width at half maximum of T −1 distribution at 0.306 THz is larger than that at 0.326 THz. So there is a better balance between bending angle and transmission efficiency at 0.30 THz, which is very close to the highest transmission at 0.306 THz. Figure 3 (a) and 3(b) respectively show the FDTD simulated electric and magnetic field distributions when the micro-antenna array is illuminated by normally incident P-polarized plane wave at 0.3 THz. When the array is illuminated by S-polarized plane wave, simulated electric field and magnetic field distribution have been presented in Fig. 3(c) and 3(d) . It reveals that energy is mainly concentrated into the designed order, and the diffraction angle is marked by the black solid lines. The color bars of the two electric and magnetic field maps are respectively the same so that it is convenient to compare the P-and S-polarized plane wave. This is evidenced by the plane wave emerging from the array tilted at 70.2°with respect to its normal with minimal distortion.
Discussion
Obviously the efficiency and bending angle in desired transmission diffraction order of the scattering unit are affected by many factors. Here, we discuss the influences of the scattering unit structure parameters, the dimer pattern and the property of the substrate material on the bending angle and efficiency.
Firstly, we scan the lengths of D 1 , D 2in , G and H with the simulated normalized far-field intensity distribution on incident plane wave for different transmission diffraction orders under P-or S- polarized wave. The results are shown in Fig. 4 , where the dashed lines correspond to the three diffraction orders supported in transmission. It is evident that if the parameters move away from the optimal positions (indicated by the red dashed line), the energy in the T −1 order will decrease while bending angle is not altered. The results reveal that geometry of dimers lay strong influences on coupling of inner resonance modes. Considering that it is hard to fabricate silicon pillars with different height, here we only discuss the dimer pillars with same height. The optimization way we used here is single variable scanning strategy and optimizing parameters one by one for the ultimate highest efficiency. However, a better way is to use the multivariable optimization method, which is facing much larger calculation amount and higher requirements for physical hardware. It is one of limiting factors to achieve greater efficiency. We will try other effective multivariable optimization strategies and improving the efficiency in following work.
Secondly, the comparison of two different dimer structures is made to elucidate the privileges of our proposed profiles. We optimize the parameters of the dimer structure consisting of two solid silicon pillars with different diameter at frequency of 0.3 THz, and compare it to the dimer form of one solid and one hollow pillars. FDTD simulated results of transmission efficiencies of the designed diffraction order when the micro-antenna arrays are illuminated by P-or S-polarized wave are shown in Fig. 5 . The transmission efficiency of the dimer which we have proposed (T −1 order) is 10% higher than that of the structure with two solid pillars when P-polarized wave is incident, but for S-polarized incident wave, the diffraction efficiency is almost equal at 0.3 THz.
At last we find out that it is necessary to minimize the energy lose caused by the reflection of the substrate. We use the silicon as substrate with large refractive index(∼3.415) in previous discussion, and in following we will try different substrates with lower refractive index, SiO 2 (∼1.95) and Teflon(∼1.43) [43] to present their influences on transmission efficiency in the designed diffraction order. Fig. 6 demonstrates the T −1 transmission spectra with different substrates. Table 1 lists their transmission efficiencies under P-or S-polarized incident wave at 0.3 THz. It is noted that as the refractive index of the substrate decreases the transmission efficiency increases for P-polarized wave, but it doesn't change under S-polarized incident wave at the working frequency. The simulated results also indicate that the bending angle does not vary with different kinds of substrates. The overall efficiency can be increased by using arrays with SiO 2 or Teflon substrate, however, it would increase fabrication cost and complexity, especially in terahertz range. Moreover, considering that the large reflection loss at the back surface (not shown in Fig. 1 ) due to the high refractive index of silicon can be cancelled by antireflection silicon pillar array [27] , the proposed all silicon metasurface with CMOS compatible fabrication has great potential in terahertz compact functional devices.
Conclusion
We have proposed an asymmetric all silicon dimer micro-antenna array to control the scattering direction of the terahertz wave by optionally enhancing or suppressing the energy of the corresponding diffraction order. Comparing with the methods of the phase mapping with a finite number of elements and the impedance surface, the structure has the advantages of maintaining high efficiency in large angle bending and easy fabrication. We numerically demonstrate that the bending angle of our micro-antenna array reaches 70.2°with 73.1% (37.8%) efficiency on the incident P-(S-)polarized wave at operating frequency of 0.3THz. The affects of the geometry parameters, dimer pattern and different substrate materials are also discussed, while higher efficiency and larger bending angle might be obtained by multivariable optimizing methods, which will also face more difficulties and challenges. The proposed all silicon structure with CMOS compatible fabrication has a broad application in terahertz compact functional devices.
